The article investigates the impact of aerosol composition on the estimation of the downwelling surface shortwave flux (DSSF). This initiative forms part of the efforts to improve the DSSF distributed by the Land Surface Analysis Satellite Application Facility (LSA-SAF). This operational product assumes invariant aerosol properties under clear sky conditions, which can be inaccurate for some regions of the world. This is the case of West Africa, where aerosol activity is not only highly variable due to frequent dust storms but also rich because of the coexistence of different aerosol species. This study was carried out over the West African stations of Dakar and Niamey, which represent different aerosol scenarios. Several dates during the dry season of 2006 were selected and classified into four different day types according to aerosol activity: standard, clean, mixture and dusty days. The diurnal evolution of DSSF and its direct and diffuse components were estimated for the selected dates by the current LSA-SAF algorithm and two other approaches using aerosol measurements from the Aerosol Robotic Network (AERONET) as input. The first for mixture days in Niamey. This improvement resulted from the consideration of a time-varying AOD, which accounted for the rapidly changing aerosol load for these two day types. The second alternative approach tested included consideration of the diurnal variation of the aerosol load and composition. Again, this was done using AERONET data on the fine and coarse aerosol modes, which may be associated with different sized dust particles, sea salt, or soot from biomass burning (depending on the date). This enhanced consideration of the aerosol composition greatly improved the estimation of the diffuse component of the DSSF, further reducing the RMSE during mixture days from 50 W/m 2 to less than 10 W/m 2 . This improvement mainly came from consideration of the right scattering properties of the aerosol particles, which may be significantly different for each aerosol type.
alternative approach took the diurnal evolution of the total aerosol optical depth (AOD) into account, assuming a default desert aerosol type. Experiments with this method showed a significant improvement in the estimated DSSF compared to the current LSA-SAF algorithm. For example, root mean square error (RMSE) improved from 170 W/m 2 to 50 W/m
Introduction
West Africa is the world's largest source of mineral dust and biomass-burning particles [1] . Dust originating from this area represents 40% of global emissions of tropospheric aerosols [2] . Likewise, African fires result in about 40% of the total biomass-burning particles in the world [3] . These two types of atmospheric particles interact differently with incoming solar radiation, also called the downwelling surface shortwave flux (DSSF). While dust particles basically result in cooling of the surface by attenuation of direct radiation, biomass-burning particles contribute to surface warming by converting absorbed shortwave flux into longwave radiation re-emitted by these very particles towards the surface [4] . In West Africa, dust of natural origin predominates in the atmosphere throughout the year with abundance peaks between March and July [5] . Biomass-burning aerosols originating from anthropogenic activities [6] are mainly present during the dry season, between October and March [7] . Thus, both aerosol types may coexist in West Africa, resulting in aerosol optical depths (AOD) of 0.6 on average and up to 4 during strong dust storms [8] .
The LSA-SAF (Land Surface Analysis Satellite Application Facility) program [9] distributes an instantaneous DSSF product every 30 min, which covers the Earth's disk as seen by the Meteosat Second Generation (MSG) satellite. Recently, this product has been found to contain seasonally dependent biases over African regions identified as significant aerosol sources [10] [11] [12] . These biases were detected during the pre-monsoon onset period (from May to June), when atmospheric dust concentration is at its peak (especially in March and June). For example, comparisons with ground observations taken during the African Monsoon Multi-disciplinary Analysis (AMMA) field campaign [13] revealed that the LSA-SAF DSSF product had been overestimated by approximately 10% (30 W/m 2 ) on average during June 2006 [12] . Ceamanos et al. showed in [14] that these biases mainly arose from the assumption of constant aerosol properties (AOD and type) in the DSSF calculation. To reduce this bias, a new algorithm, referred to as SIRAMix (Surface Incident Radiation estimation using Aerosol Mixtures), was developed to compute DSSF, together with its direct and diffuse components, using dynamic aerosol properties and considering the coexistence of different aerosol types [14, 15] . DSSF can be decomposed into direct and diffuse fluxes, which will be called "direct DSSF" and "diffuse DSSF" hereafter for the sake of simplicity. Likewise, the regular definition of DSSF (the sum of direct DSSF and diffuse DSSF) will be called "global DSSF". In [14] , SIRAMix was tested successfully with aerosol data from the MACC-II (Monitoring Atmospheric Composition and Climate-Interim Implementation) project [16] . However, MACC-II data proved to be insufficiently accurate to enable a detailed investigation of the impact of aerosol composition on the estimation of direct and diffuse DSSF.
This article investigates the importance of considering not only the AOD but also the aerosol type (or composition) to estimate the different components of the DSSF in challenging conditions such as those found in West Africa. Two stations were selected, Dakar and Niamey, where aerosol activity is frequent and ground measurements of shortwave fluxes and atmospheric composition are available. The present work focuses on the dry months of 2006 in order to avoid clouds and to maximize the probability of encountering mixtures of biomass-burning and mineral dust aerosols. Experiments were conducted with the SIRAMix approach with the replacement of MACC-II aerosol data by more accurate AERONET (Aerosol Robotic Network) measurements as input. The use of accurate aerosol data is crucial to any study of the impact of aerosol composition on DSSF, as inaccurate AOD and aerosol composition may give rise to misleading conclusions. Two approaches were used to calculate global, direct, and diffuse DSSF. The first considered dynamic AOD and a fixed aerosol type. The second included the aerosol composition variations during the day. Improvements in global DSSF estimation obtained for each case were compared to results from the LSA-SAF product according to aerosol activity.
The article is organized as follows. Section 2 describes the characteristics of the ground stations, the selection of dates and their classification into day types according to aerosol activity. Section 3 describes the three approaches considered in this study for the estimation of surface fluxes and the associated inputs. The results of experiments are presented in Section 4. Finally, Section 5 summarizes the conclusions on the importance of the aerosol type in the estimation of incident shortwave radiation.
Case Study

Ground Stations and Period of Study
Two ground stations in West Africa were selected for the study: the Niamey site in Niger (13.48°N, 2.07°E) and the Dakar station in Senegal (16.95°W, 14.40°N). The study considered only the driest months of 2006 (i.e., from January to early June and then from November to December) in order to avoid the presence of the clouds from the wet season. We recall that the present study only deals with clear sky (cloud-free) conditions. The dry season is characterized by mixtures of biomass-burning aerosols and mineral dust in the atmosphere [17] and sea salt aerosols are also found in coastal areas of West Africa such as Dakar throughout the year [18] [19] [20] .
The Dakar and Niamey stations are equipped with instruments measuring a variety of parameters. For example, they are part of the AERONET network of sun photometers [21] , which perform direct sun measurements every 15 min, with a 1.2° field of view at the nominal wavelengths of 440, 675, 870, 940, and 1020 nm. They provide accurate, real-time information on the (aerosol and gaseous) composition of the atmosphere, including AOD, aerosol size distribution, ozone and water vapor content and aerosol absorption and refractive indexes as described in [22] . In the work presented here, we used AERONET data corresponding to the cloud-screened and quality-checked level 2.0.
Measurements of global, direct, and diffuse DSSF are also available in Niamey from the Atmospheric Radiation Measurement (ARM) station [23] . A Radar-Lidar Mobile Facility (AMF) was also deployed at the Niamey station in 2006 as part of the AMMA field experiment [12, 24] . The AMF is a portable facility equipped with cloud-dedicated instrumentation (vertically pointing 94-GHz radar and lidar) that provides continuous cloud profile documentation, radiosounding results, and surface budget measurements. The operations performed during the AMMA campaign [13] in Dakar provided similar flux measurements. The downward broadband shortwave radiative flux is measured in the spectral range of 200 to 3600 nm using a Kipp and Zonen CM22 pyranometer with a time step of 2 min. For diffuse radiation measurements, the direct solar radiation is intercepted by a 60 mm diameter sphere shadower tracking the Sun. The solar direct radiative flux, in the 200 to 4000 nm spectral range, is measured by a Kipp and Zonen CH1 pyrheliometer. These data were used differently in the present study. In particular, AERONET measurements served to account for aerosol activity for the surface flux estimation.
It is important to note that the AERONET station in Niamey was not operating between March and July 2006, and measurements from the AERONET station in Banizoumbou, Niger (13.32°N, 2.40°E), 50 km to the east, were used instead. This decision was based on two reasons. First, aerosols in this region tend to travel west from Banizoumbou to Niamey [8] and therefore aerosol activity in Niamey is very similar to that in Banizoumbou with a small time shift [25] . Second, experiments conducted over Niamey in the present study would help to evaluate the possibility of using low resolution aerosol data in the operational estimation of surface fluxes. For example, MACC-II data have a resolution of more than 100 km.
Selection of Dates and Classification into Day Types Based on Aerosol Activity
First, all clear sky (i.e., cloud free) days in Dakar and Niamey during the driest months of 2006 were selected. This was done using the cloud information (CMa) acquired at these two stations (see Table 1 ). In Niamey, cloud masks are obtained from Radar and Lidar measurements [26] . The AERONET clear-sky detector (Level 2.0) is used for Dakar. Then all selected dates were classified into four day types: clean, standard, dusty, and mixed on the basis of aerosol activity. This classification is in agreement with the studies of [4, 5] , which used total AOD and Ångström coefficient. The Ångström coefficient provides information on the spectral evolution of the AOD and is calculated by the Ångström law on the basis of two AOD values at different wavelengths. AERONET records of total AOD at 550 nm (δ) and Ångström coefficient from 440 nm to 870 nm (α440-870) [27] (see Table 1 ) were used to classify each clear sky date as follows:
• A day was classified as clean if the total AOD was less than or equal to 0.15, regardless of the value of the Ångström coefficient.
• A day was classified as standard if the AOD was between 0.2 and 0.5 and the Ångström coefficient was lower than 0.4. Statistically speaking, standard days represent the average and most frequent aerosol conditions in this region of Africa.
• A day was called dusty if the total AOD was beyond 0.5 and the Ångström coefficient was lower than 0.4. Fouquart et al. in [28] consider the latter value as the upper limit for mineral dust aerosols.
• A day was classified as mixture if the Ångström coefficient was greater than or equal to 0.4 and the AOD was greater than 0.15. The higher value of Ångström coefficient indicated the presence of fine particles in addition to the common middle-sized aerosols [29] . According to the classification above, there were 9% of clean days, 40% of standard days, 31% of mixture days and 20% of dusty days in Dakar during the clear-sky days of 2006. Similar proportions were found in Niamey with the following values: 9% clean, 40% standard, 28% mixture and 23% dusty. Generally, clean days occur between October and early March, mixture days during winter (November-February), and dusty days from March to October.
For the experiments reported in the present article, we selected the five dates that were the most representative of each day type. Table 2 shows the daily averaged total AOD (δ) and the Ångström coefficient (α440-870) for the total of 20 selected days (5 days per day type) for the two stations in this study. Additional parameters-coarse mode AOD (δc), fine mode AOD (δf), and single scattering albedo (SSA)-will also be used in the following sections.
Estimation of Surface Fluxes
Experimental Design
The experiments were conducted for the 20 selected dates (five dates per day type). For each day and station, the diurnal evolution of the global DSSF was calculated using three methods. The first one was the approach corresponding to the operational LSA-SAF global DSSF product. Ground measurements were used as input. The second and third approaches (SIRAMix1 and SIRAMix2) were based on the SIRAMix methodology [14] , which allows the direct and diffuse surface fluxes forming the global DSSF to be calculated by using aerosol properties as input. Under clear sky conditions, aerosols are the major cause of the scattering in the atmosphere that results in the splitting of global DSSF into its direct and diffuse components. The SIRAMix1 approach uses the total AOD provided by AERONET at each instant of time and considers a fixed desert-type aerosol model. The SIRAMix2 approach considers not only the AOD given by AERONET but also the aerosol composition. This is done by modeling the aerosol layer as the combination of the extinction properties of the two predominant aerosol types. More details on the three methods are given in Section 3.3.
Data Base of Aerosol Properties
A database of aerosol optical properties was used for the SIRAMix1 and SIRAMix2 approaches. These data were necessary to accurately simulate incoming solar radiation. Several data bases [30] [31] [32] [33] , each containing the optical properties of a given aerosol layer have been proposed in recent decades. The calculation of aerosol radiative properties is quite challenging since different aerosol types are related to distinct optical properties [29] and the properties of aerosol mixtures are generally poorly documented. This is particularly the case for the combination of mineral dust, biomass burning and sea salt found in West Africa [4] .
The present work used the OPAC (Optical Properties of Aerosols and Clouds) package, which provides optical properties for 10 elementary aerosol components [33] . In OPAC, these components are combined in different ways to form ten aerosol types representing default atmospheric conditions across the world. While uncertainties are known to exist in OPAC-especially for the less known dust and soot particles-the studies in [29, 34, 35] affirm that OPAC is one of the best data bases determining single-scattering properties of spherical aerosols for broadband radiative calculations. Furthermore, OPAC can be conveniently combined with radiative codes such as libRadtran [36] to simulate shortwave aerosol quantities. Different data from OPAC were used for the second (SIRAMix1) and third (SIRAMix2) approaches.
OPAC Desert Aerosol Model
The SIRAMix1 approach estimated global, direct and diffuse DSSF by using SIRAMix with the OPAC default aerosol model referred to as desert. This aerosol type is claimed to be representative of the optical properties of aerosols over most of the desert areas in the world. The OPAC desert type combines three predominant modes of mineral dust particles: the MIneral Nuclei Mode (MINM, for small particles), the MIneral Accumulation Mode (MIAM, for medium-sized particles), and the MIneral Coarse Mode (MICM, for coarse particles). Table 3 shows the single scattering albedo (SSA) at 500 nm and the mode radius [33] in the dry state corresponding to these three dust components. The shortwave direct and diffuse transmittances of the OPAC desert type are shown in Figure 1 . It can be seen that the desert aerosol type is dominated by the medium-sized particle component (MIAM), as the two transmittances are very close to each other. Also, it is important to note the different trends that may be observed for diffuse transmittances with an AOD of 1 and beyond. While diffuse transmittance starts to decrease for MIAM, MICM and the desert model, it continues to increase for the less-absorbing fine dust mode, MINM. These differences may be important when using the desert aerosol type under an enhanced presence of fine dust particles. This particularity may help to explain why some studies show the OPAC desert type to be more absorbing than is observed in situ or by satellite for North African regions [37] [38] [39] [40] [41] .
OPAC Elementary Aerosol Components
The SIRAMix2 approach used SIRAMix with two OPAC aerosol components that were different for each selected date. In addition to the dust components MINM, MIAM, and MICM described above, the present study also considered the Sea Salt Accumulation Mode (SSAM) and the soot component (SOOT). SSAM accounts for medium-sized sea salt particles found over the coastal regions of West Africa. Sea salt aerosols are often characterized by a low AOD compared to other aerosols [29] and a low absorption (SSA > 0.97). SOOT represents biomass-burning aerosols from fires occurring in West Africa during the dry season. Soot particles (or black carbon) are highly absorbing-SSA = 0.23 at 500 nm (see Figure 1 )-and are often mixed with other components such as desert dust [42, 43] . Also in Figure 1 , we see the strong contrast between the low absorption of SSAM and the absorption of SOOT, which is the highest of all OPAC aerosol components. It is important to note that spherical particles are assumed for all OPAC aerosol components.
Methods for Estimation of Surface Fluxes
The three approaches for simulating the different DSSF terms consider aerosol conditions with different levels of detail.
The operational LSA-SAF approach: Geiger et al.'s estimation [44] of the global DSSF uses a physically-based parameterization considering a simplified plane-parallel atmosphere with constant pressure. Under clear sky conditions, incoming solar radiation is considered to be scattered by aerosols and gas molecules, and absorbed by water vapor, ozone, aerosols, and, to a lesser extent, oxygen and carbon dioxide. Aerosol conditions are considered to be constant, with a typical continental aerosol type and a surface visibility of 20 km (AOD of 0.25 at 550 nm, approximately).
The recent SIRAMix approach developed by Ceamanos et al. in [14] was used as the keystone of the second and third methods. The advanced physical parameterization (analytical formulae) employed in this method allows it to retrieve the direct and diffuse DSSF through the use of time-evolving aerosol properties (load and type) as input. The global DSSF is obtained by simply adding the two surface fluxes. Multiple values of aerosol transmittances and albedo are pre-computed using the radiative transfer code libRadtran for several default aerosol components and types, and are stored in a look up table (LUT). The LUT is accessed for each direct or diffuse DSSF calculation in order to obtain the aerosol radiative quantities corresponding to each instant of time. We refer the reader to the Appendix for more details about the SIRAMix approach. Two configurations of SIRAMix regarding the definition of the aerosol layer were used in the present work.
The SIRAMix approach with a desert aerosol model (SIRAMix1): In this configuration, SIRAMix took the variations of the aerosol load with time into account by using AERONET instantaneous measurements of total AOD as input. However, SIRAMix1 considered a fixed aerosol type to calculate the LUT: the OPAC desert aerosol model. Hence, the aerosol size distribution was assumed to be mono-modal, considering only the predominant type of particles.
The SIRAMix approach with two predominant aerosol components (SIRAMix2): The second configuration of SIRAMix estimated the direct and diffuse DSSF, considering the two predominant aerosol components at each instant of time. The aerosol size distribution was therefore assumed to be bimodal with one mode made by fine aerosol particles and the other made by coarse particles (Dubovik and King in [22] defined the particle radius separating fine and coarse modes as 0.6 μm). The bimodal distribution is accepted as the most appropriate model for aerosols by many studies [29, 30, 45] . In fact, practically all AERONET observed size distributions have a bimodal structure, especially in Africa [42] . AERONET stations provided the AOD corresponding to the fine and coarse aerosol modes.
The above data were used as input to SIRAMix, in which each aerosol mode is associated with a single aerosol component from OPAC (MINM, MIAM, MICM, SOOT, or SSAM, see Section 3.2.2). This flexibility satisfies the situation when the predominant dust particles are not smaller than a micron (MINM and MIAM) but larger (MICM). This is the case of some African regions near the dust sources [46] . In SIRAMix2, the two predominant aerosol species were determined each day using ancillary data, as explained in Section 3.5. The pair of pre-computed LUTs, one for each predominant aerosol component, provided the individual transmittances and albedo that were combined to calculate the radiative properties of the two-component aerosol layer. This combination was performed following the approach in [15] (see Equation (A11) in Appendix), which is also used by SIRAMix in [14] with five aerosol species. Table 4 lists the data sets used as input for the methods LSA-SAF, SIRAMix1, and SIRAMix2. Note that all inputs came from ground measurements except for the surface albedo, which corresponded to the satellite product disseminated by the LSA-SAF project [47] . While the solar zenith angle (θ0), precipitable water (uH2O), total ozone column (uO3), and surface albedo (α) were used for all methods, only the SIRAMix-based methods, SIRAMix1 and SIRAMix2, used aerosol data as input. In particular, SIRAMix1 used AERONET measurements of total AOD at 550 nm (δ) to set the diurnal variations of aerosol loading, whereas SIRAMix2 used the coarse mode AOD (δc) and fine mode AOD (δf), both at 550 nm, to set the aerosol load for each predominant aerosol type.
Inputs for Estimation of Surface Fluxes
Determination of Predominant Aerosol Types for Each Selected Day
To run the SIRAMix2 approach, the two predominant aerosol components for each date and station must be known. This information was determined on the basis of the following data (see Table 5 ). AERONET size distribution data allowed the average particle size of the existing modes to be identified. Also, the AERONET-derived single scattering albedo (SSA) of the aerosol particles provided information on the absorption properties. Figures 2 and 3 show the daily-averaged aerosol size distribution and the spectral signature of SSA measured by AERONET for each date, in Dakar and Niamey respectively. These curves represent the height of the air mass during particle transport.
Air mass back trajectories from the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model [48] were also used to identify the geographical source of aerosol particles. HYSPLIT trajectories were calculated at different altitudes of the atmosphere in order to identify the location of multiple aerosol sources. Figure 4 shows the computed air mass backward trajectories at altitudes of 0.5 km (green lines), 1 km (blue lines), and 3 km (red lines). These altitudes were selected according to Lidar measurements made in Dakar [4, 49] showing that aerosol particles are located between 1 and 2 km (medium-sized or coarse particles, mainly) and between 3 and 4 km (fine particles, likely). This Lidar system is a 532 nm micropulse backscattering LIDAR. In Figure 4 , HYSPLIT back trajectories with end points in Dakar and Niamey are plotted for the following dates in 2006 at 10:00 UTC: (left) 3 March (clean day), (middle) 12 March (dusty day), and (right) 21 January (mixture day). Trajectories corresponding to other dates were found to be similar. Figure 4 (left) provides evidence that particles arriving at Dakar at heights of up to 2 km on the clean day of 3 March came from the Atlantic Ocean while particles at heights of 3 km and beyond originated in desert areas. This indicates a possible mixture of sea salt and dust aerosols, as suggested in [50] . The Lidar sensor in Dakar showed a peak of aerosol particles located between 0 and 2 km for 3 March [4] , pointing to the presence of sea salt particles for clean days in Dakar. Backward trajectories in Figure 4 (left) for clean days in Niamey point to Northern Niger, which is a known source of mineral particles. The spectral signature of the SSA for clean days is quite similar to Dakar's except for a generally lower value indicating a stronger absorption. This fact may be explained by the presence of fine black carbon particles coming from fires in the Nigeria region (see Figure 4) , which is confirmed by the relatively high Ångström coefficient (α440-870 between 0.45 and 0.92, see Table 2 ).
Aerosol Characterization for Clean Days
In conclusion, the SIRAMix2 approach for clean days in Dakar and Niamey used the OPAC component MIAM for the coarse mode. The fine mode was modeled by SSAM for Dakar and SOOT for Niamey. Table 2 shows that the fine mode AOD (δf) was generally less important than the coarse mode AOD. Both stations had a very similar SSA spectral signature, which was characteristic of mineral particles, the increase of absorption for shorter wavelengths being due to the presence of iron oxides in mineral dust [4] .
Aerosol Characterization for Standard Days
In conclusion, for the SIRAMix2 configuration for standard days in Dakar and Niamey we used the dust aerosol components MIAM (for the coarse mode) and MINM (for the fine mode).
Aerosol Characterization for Mixture Days
Mixture days in Dakar and Niamey were distinguishable by their moderate or high values of AOD and a marked bimodal size distribution. Table 2 shows that, for this day type, the fine mode AOD (δf) can be greater than the coarse optical depth (δc) (see 21 January). Here, the SSA does not present the signature of pure dust anymore. In contrast, it shows a lower, flat spectral signature likely due to the presence of absorbing fine particles [29] . The presence of fine aerosols is in agreement with the high value of α440-870. According to [4] , mixtures of aerosol dust and biomass-burning particles were likely to happen during the selected mixture days due to fires at locations from the Ivory Coast to Nigeria. This thesis is validated by the air mass back trajectories in Figure 4 (middle), which show particles in the lower layers (from 0.5 to 2 km) coming from desert areas and others in upper layers originating in the southern part of the Sahel.
Hence, for the SIRAMix2 approach, we used the aerosol components MIAM for the coarse mode and SOOT for the fine mode at both stations.
Aerosol Characterization for Dusty Days
For dusty days, Figures 2 and 3 show a maximum of size distribution (>1.5 μm 3 /μm 2 ) with an exclusive predominance of coarse and weakly absorbing particles (α440-870 lower than 0.2 and SSA greater than 0.94, respectively), in both Dakar and Niamey. The SSA in Figures 2 and 3 shows the spectral signature typical of mineral particles, with a decrease for short wavelengths and a flat trend for longer ones. Figure 4 (right) shows that, for the dusty day (12 March), all particles reaching Dakar and Niamey likely originated in the Sahara desert region.
In conclusion, the SIRAMix2 approach used the aerosol components MIAM for the coarse mode and MINM for the fine mode for dusty days at both stations.
Results
In this section, we compare the different DSSF components estimated by the three methods presented in Section 3.3 against the radiation measurements taken by the ground stations in Dakar and Niamey (see Section 2.1). Surface fluxes were calculated every 10 min during the daytime according to the temporal frequency of the ground measurements used as input.
Diurnal Evolution of Surface Fluxes for Selected Dates
First, we focus on a single date for each day type. For Dakar, the dates 1 March, 23 February, 21 January, and 10 March were chosen as clean, standard, mixture and dusty days respectively. In Niamey, the selected dates were 25 November, 4 February, 11 January, and 12 March, respectively. Inputs used by the LSA-SAF, SIRAMix1, and SIRAMix2 methods are described in Section 3.4. Predominant aerosol components for each date were determined following Section 3.5 in order to run the SIRAMix2 method. Figures 5-8 show the estimated and reference surface fluxes for the four selected dates in Dakar and Niamey. The diurnal cycle is represented on the left for diffuse DSSF, in the center for direct DSSF, and on the right for global DSSF. In situ measurements are plotted in black while the estimated surface fluxes are shown in blue for LSA-SAF, in green for SIRAMix1 and in red for SIRAMix2. Furthermore, the total AOD measured by AERONET is plotted in pink (see right axis). Remember that the LSA-SAF method only estimates global DSSF.
Clean Days
As can be seen in Figure 5 , the aerosol load was very low in Dakar and Niamey for the clean days, 1 March and 25 November. Therefore, these two days were associated with a minimum of diffuse DSSF and a maximum of direct DSSF. The three global DSSF products provided similar estimated results since aerosol effects were very weak, so their representation was not crucial. was due to the underestimation of the total AOD owing to the static conditions adopted in the current LSA-SAF method. For the standard day chosen at Niamey-4 February represented in Figure 6 (bottom)-both SIRAMix configurations simulated the different radiation quantities with similar accuracy. It is worth noting here that, while the two SIRAMix-based methods provide better estimations than the LSA-SAF product, is not crucial to consider aerosol composition for standard days because of the rather low AOD and the predominance of dust optical properties. 
Mixture Days
The mixture day at Dakar was characterized by a predominance of fine particles from biomass burning (fine mode AOD was 0.65 while coarse AOD was 0.26) with a rather significant absorption (SSA of 0.83). Also, 11 January at Niamey was affected by a mixture of dust and biomass-burning particles (fine mode AOD was 0.26, coarse mode AOD 0.08, and SSA 0.78).
The significant improvement of the diffuse and direct DSSF estimation by SIRAMix2 is illustrated in Figure 7 Figure 5 for mixture days in Dakar (21 January) and Niamey (11 January). Figure 8 illustrates the dust event that occurred in Dakar and Niamey on 10 March. The high coarse AOD and the low Ångström coefficient for both stations point to a predominance of large aerosol particles. Also, the high SSA indicates weak absorption. These conditions led to a diffuse DSSF that was much greater than the direct DSSF. The estimation of diffuse DSSF, however, shows that the OPAC desert model used by SIRAMix1 was not appropriate, since it resulted in an underestimation of the in situ measurements (RMSE of 59. in Niamey. The same improvement can be observed for global DSSF, for which average RMSE was greatly improved by SIRAMix2 with respect to SIRAMix and, especially, the LSA-SAF product. The observed improvement is quite remarkable given the high aerosol load throughout the day under study (average AOD > 1.5), which generally results in large estimation errors. It is worth noting here that a small time shift can be seen between the ground and estimated surface fluxes values for Niamey, which comes from the use of aerosol data from Banizoumbou. In contrast to the mixture day analyzed in Section 4.1.3, the aerosol loading varied quite a lot during the day under study and therefore the 50 km between the two stations became significant. Nonetheless, the estimation of surface fluxes also improved thanks to the use of the SIRAMix-based methods and especially to SIRAMix2. Table 6 This improvement is seen most clearly for mixture and dusty days when aerosol conditions become more challenging (i.e., higher AOD values and higher probability of aerosol mixtures). In contrast, clean days are processed similarly by LSA-SAF and the SIRAMix-based methods due to the weakness of aerosol effects in this case. Similarly, the desert aerosol type from OPAC seems to be good enough to simulate surface fluxes for standard days (40% of days during the dry season). 
Figure 7. Same as
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Conclusions
This study has shown the importance of considering the right aerosol composition when estimating incoming solar radiation. This was done by estimating the diurnal direct, diffuse and global DSSF corresponding to 20 dates at two stations in West Africa (Dakar and Niamey) using three different methodologies having distinct degrees of accuracy regarding aerosol representation. First, the operational LSA-SAF method, which assumes static aerosol properties, was considered. Second, two configurations of the recent surface fluxes retrieval method, referred to as SIRAMix, were used to try to improve the aerosol effects: the first (SIRAMix1) took the evolution of AOD into account with a fixed desert aerosol model and the second (SIRAMix2) accounted for variations in aerosol load and composition. SIRAMix1 reduced the bias of global DSSF by about 50% on average compared to the LSA-SAF product. However, the diffuse DSSF estimated by SIRAMix1 still contained significant errors (an average RMSE of 45.9 W/m 2 for all dates in Dakar), especially for days classified as mixture or dusty. The SIRAMix2 method, taking the optical properties of the two most predominant types (fine and coarse particles) into account, greatly improved the estimation of the diffuse radiation (average RMSE of 30.7 W/m 2 for all dates). This improvement was obtained by considering fine aerosol particles (made up of fine mineral dust, particles from biomass burning, or sea salt particles, depending on the day) that are often neglected in default desert aerosol models. Besides the better estimation of the DSSF, the improved representation of the aerosol extinction properties may be of great interest to study other radiative terms, such as radiative forcing by aerosols at the surface [14, 51] .
The present study may be useful for circumventing the enhanced absorption in the OPAC desert aerosol model, that has been found in some studies using aerosol observations in the Sahara desert as a reference. Most of the aerosol databases show higher absorption in the visible spectrum [52, 53] than are found from in situ [54, 55] and satellite [37] observations. These differences come from the difficulty of predicting the absorption of mineral dust because of its complex composition [43, 56, 57] . Also, the presence of soot particles coming from biomass burning may, in some cases, explain the higher absorption, which in turn may be compensated for by considering the two predominant aerosol types following the SIRAMix2 method.
Although this work shows the importance of considering the proper aerosol optical properties, the accurate estimation of incoming solar radiation in satellite-oriented projects such as LSA-SAF remains difficult. AERONET aerosol observations are only available at reduced spatial scales and therefore other data bases of aerosol properties at larger scale must be considered (e.g., MACC-II). Unfortunately, model-based data bases such as MACC-II are often related to decreased accuracy of the aerosol data. For instance, Ceamanos et al. [14] for diffuse DSSF for Dakar and Niamey, respectively). The present study proves, however, that large-scale aerosol data sets might still be valuable in some cases, as has been demonstrated by the satisfactory results obtained in Niamey using the aerosol properties acquired in Banizoumbou. Another solution to be tested in the future will be the use of the improved satellite-derived aerosol products that will appear as evolutions of the current products such as MODIS [58] or MSG [59] , which still need to be improved in terms of quality, temporal availability and spatial coverage.
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The bases of the SIRAMix approach are given here. For the complete physical parameterization and the corresponding references, we refer the reader to the work of Ceamanos et al. [14] .
SIRAMix calculates the global DSSF as the sum of two irradiances
where the direct DSSF ( dir E ) is the solar irradiance coming from the direction of the Sun and the diffuse DSSF ( dif E ) is the portion of irradiance coming from other directions due to aerosol and molecular (i.e., Rayleigh) scattering. The direct DSSF is calculated as ( ) and uniformly mixed gases (Tmg). In SIRAMix, the amounts of gases are fixed for all gases except for water vapor and ozone, which constitute two inputs of the method (see Table 4 ). Besides the absorption of atmospheric gases, shortwave irradiance is also attenuated by Rayleigh scattering, whose transmittance reads 
where ' m is the air mass corrected by the atmospheric pressure. The flux remainder at the top of the aerosol layer (TOL) is attenuated one last time before reaching the surface by aerosol particles. This is characterized by the transmittance Taer,dir.
SIRAMix computes the diffuse DSSF as the sum of single scattering irradiance (Edif,ss) and a multiple scattering component (Edif,ss)
The single scattering term is computed by multiplying the global (direct plus diffuse) flux reaching the TOL level by the diffuse aerosol transmittance 
where ARay is set to 0.0685. Aerosol particles in SIRAMix are characterized by the radiative quantities Taer,dir, Taer,dif and Aaer. For SIRAMix1, the three terms are obtained from a pre-computed LUT built by the radiative transfer code libRadtran using the OPAC desert aerosol model. The LUT allows choosing the aerosol transmittance and albedo values that correspond to the actual geometrical and atmospheric conditions. For SIRAMix2, the previous aerosol quantities are calculated as the combination of the individual contributions of the two predominating aerosol modes following the model in [15] 
